N
eutralizing antibodies against hemagglutinin (HA) on the surfaces of influenza viruses have been considered the major immune mechanism that provides protection against influenza infection (1, 2) . However, influenza viruses continuously acquire new mutations on the HA protein through antigenic drift, allowing new variants to escape host immunity. Thus, seasonal influenza vaccines must be updated regularly based on the genetic and antigenic characteristics of the surface HA proteins of circulating viruses (3) (4) (5) . When hemagglutinins change through antigenic drift, the degree of protection provided by vaccines may be determined by the level of cross-reactive antibodies, although the role of vaccines at providing cross-protection is poorly understood (6, 7) . To date, few studies have examined cross-reactive neutralizing antibody responses to antigenically drifted viruses and the implications in vaccine effectiveness (VE).
Among all seasonal influenza virus subtypes, HA of influenza A(H3N2) has the fastest evolutionary rate with new antigenic clusters emerging on average every 3.3 years (8, 9) . In a recent meta-analysis, influenza vaccines had reduced effectiveness against illnesses caused by A(H3N2) viruses compared with other influenza virus subtypes (7) . In the 2014-2015 influenza season, new clusters of A(H3N2) viruses became predominant (10) (11) (12) (13) and were characterized into two genetic groups based on HA sequences: 3C.2a and 3C.3a (14, 15) . Viruses in these two genetic groups are antigenically distant from A(H3N2) vaccine strain A/Texas/50/2012 (3C.1) (16) , causing antigenic mismatch between the vaccine strain and circulating A(H3N2) viruses. In the United States, estimates of VE against medically attended influenza in the 2014-2015 influenza season were low (17, 18) , with a majority of illness caused by A(H3N2) viruses belonging to genetic group 3C.2a (6) .
Even when seasonal influenza vaccines are antigenically mismatched to circulating influenza viruses, vaccination may still provide partial protection by inducing cross-reactive antibody responses to circulating strains through shared epitopes on HA or other viral proteins (19) . The level of cross-reactivity mainly depends on the genetic and antigenic distance between the vaccine antigen and circulating viruses. Traditionally, antigenic distance between viruses is determined using reference antisera from im-munologically naive ferrets infected with influenza viruses. However, in humans, cross-reactive antibodies are also influenced by other factors, including prior immune priming history through influenza infection or vaccination, age, and immune status. Heterologous protection against antigenically drifted strains may also differ between live-attenuated influenza vaccine (LAIV) and inactivated influenza vaccine (IIV) (20, 21) .
Here, we investigated immune responses of children and adolescents enrolled in an observational study. We measured serum antibody responses to 2014-2015 live-attenuated and inactivated influenza vaccines, evaluated the levels of neutralizing antibodies to antigenically drifted influenza A(H3N2) strains, and explored factors that may influence cross-reactive antibody responses to drifted A(H3N2) viruses following vaccination.
MATERIALS AND METHODS
Study design and setting. Healthy children aged 3 to 17 years were recruited from three health centers (one pediatric health center and two family medicine health centers) from the University of Pittsburgh Medical Center (UPMC) Health System in 2014. The criteria used for enrollment in the study were as follows: (i) the child had not received and was planning to receive 2014-2015 influenza vaccine; (ii) no contraindications for LAIV; (iii) known vaccination status for the 2013-2014 influenza season (i.e., influenza vaccination documented in medical record or state immunization registry or parent report of no influenza vaccination for the 2013-2014 season); and (iv) weight of Ն17 kg. Due to potential concerns about LAIV safety in those with uncontrolled asthma, children with a history of severe asthma episodes were excluded. Eligible children were recruited by two age groups, 3 to 8 years and 9 to 17 years. All children received 2014-2015 influenza vaccines either LAIV or IIV according to parent, child, or clinician preference. Children receiving 2014-2015 LAIV were enrolled regardless of prior season vaccination status. Children receiving 2014-2015 IIV were enrolled as the comparison group. All participants were enrolled and vaccinated between September and December 2014. Sera were collected prior to vaccine administration (day 0) and 19 to 33 days postvaccination (mean, 21 days; Table 1 ). No children were enrolled who required two doses of vaccines. This study was approved by both University of Pittsburgh and Centers for Disease Control and Prevention Institutional Review Boards, and informed written consent was obtained from the parents.
Hemagglutination inhibition assay. Hemagglutination inhibition (HI) assays were performed with pre-and postvaccination serum specimens as previously described (22) using 0.5% turkey erythrocytes. Serum samples were treated with receptor-destroying enzyme to remove nonspecific inhibitors. Nonspecific agglutinins were removed by serum adsorption with packed turkey erythrocytes. Serial twofold dilutions of sera were made from an initial 1:10 dilution. The HI titer was defined as the reciprocal of the last dilution of serum that completely inhibited hemagglutination.
Viruses . All viruses used in HI assays were propagated in 9-to 11-day-old embryonic chicken eggs. B virus antigens were ether treated prior to the HI assay.
Microneutralization assay. Microneutralization (MN) assays were performed as previously described (22) , except the assays were conducted with Madin-Darby canine kidney-SIAT 1 (MDCK-SIAT1) cells. Serum samples were first heat inactivated, and then serial twofold dilutions were made starting at an initial 1:10 dilution. Influenza viruses (100 50% tissue culture infectious doses [TCID 50 ]) were added to serum dilutions, incubated at 37°C with 5% CO 2 for 1 h, and used to infect 1.5 ϫ 10 5 MDCK-SIAT1 cells per ml. After overnight incubation, the presence of the viral proteins was detected by an enzyme-linked immunosorbent assay (ELISA) using monoclonal antibodies specific to the influenza A virus nucleoprotein. MN titers were defined as the reciprocal of the highest dilution of serum that yielded at least 50% neutralization.
Pre-and postvaccination sera were tested against three A(H3N2) viruses: A/Texas/50/2012 (genetic group 3C.1, 2014-2015 Northern Hemisphere vaccine virus), A/Switzerland/9715293/2013 (group 3C.3a), and A/Nebraska/04/2014 (group 3C.2a). All viruses used in MN assays were propagated in MDCK-SIAT1 cells. Sequence analyses of the viruses were performed using BioEdit alignment editor (http://www.mbio.ncsu.edu /bioedit/bioedit.html).
Statistical analyses. For statistical analyses, specimens with reciprocal HI or MN titers of Ͻ10 were assigned a titer of 5. Geometric mean titers (GMTs), fold rises or increases (i.e., GMT ratios), and 95% confidence intervals (95% CIs) were calculated using repeated-measure linear mixed models as previously described (23) . Seroconversion was defined as a fourfold rise in antibody titers with postvaccination titers of Ն40. Fold rise was calculated as the ratio of the postvaccination titer to the prevaccination titer. HI and MN titers were log 2 transformed to examine correlations. Linear regression with log 2 -transformed titers was used to examine associations between prevaccination, postvaccination, or fold rise in titer with age category and the prior season (2013-2014) vaccination status. Separate linear regression models restricted to IIV-vaccinated subjects examined predictors of IIV response, including prior season vaccine type. Predictors of seroconversion were examined by logistic regression. Statistical analyses were conducted using SAS for Windows (version 9.3, Cary, NC).
RESULTS

Participant characteristics.
Among 150 enrollees aged 3 to 17 years, 97 received quadrivalent LAIV (median age, 10 years) and 53 received quadrivalent IIV (median age, 11 years) in the 2014-2015 influenza season (Table 1 ). There was no statistical difference in the characteristics of those who received LAIV versus those who received IIV when comparing age, sex, and the interval between paired serum sample collections (P Ͼ 0.05). At enrollment in the study, the majority of subjects had preexisting HI antibodies to vaccine viruses: HI GMT antibody titers among both IIV and LAIV recipients were 60 to influenza A(H1N1), 119 to A(H3N2), 72 to B/Yamagata, and 35 to B/Victoria vaccine components and were not statistically different between IIV and LAIV recipients ( Table 2) . Preexisting MN GMT antibody titers to drifted A(H3N2) genetic group 3C.2a and 3C.3a viruses ranged from 18 to 19 and were similar for children who received either IIV or LAIV (Table 3) . Antibody responses to influenza A(H1N1), A(H3N2), and B vaccine components. As measured by HI antibody titers, children who received IIV had higher postvaccination GMTs, seroconversion rates, and fold rises to all four vaccine viruses than those vaccinated with LAIV (P Ͻ 0.01 for all three comparisons; Table  2 ). IIV also induced significantly higher MN titers to A(H3N2) vaccine virus than LAIV did (P Ͻ 0.001; Table 3 and Fig. 1 ). Overall, 42% of all IIV recipients seroconverted to the A(H3N2) vaccine strain in MN titers, versus only 4% of LAIV recipients who seroconverted (Table 3) .
Antibody titers to the influenza A(H3N2) vaccine component measured by HI assay with egg-propagated viruses and by MN assay with MDCK-SIAT1 cell-propagated viruses were highly correlated (Pearson correlation coefficient r ϭ 0.90; P Ͻ 0.001), with reciprocal MN titers being slightly higher (i.e., more sensitive) than the corresponding HI titers: HI titers against A/Texas/50/2012 of 1:40 corresponded to MN titers of ϳ1:54.
Among IIV recipients, seroconversion rates and fold rises in HI titers were higher among subjects with lower prevaccination titers (Ͻ1:40) than in those with high preexisting titers (Ն1:40) for all four vaccine viruses (P Ͻ 0.01; Table 2 ). LAIV recipients had low seroconversion rates and fold rises in HI titers to influenza A(H3N2) and A(H1N1) vaccine viruses regardless of prevaccination HI titers, but seroconversion rates were higher against the B/Yamagata and B/Victoria vaccine viruses among LAIV recipients with low prevaccination titers (Ͻ40) than those with high prevaccination titers (Ն40) (P Ͻ 0.05; Table 2 ).
Cross-reactive neutralizing antibodies to antigenically mismatched circulating influenza A(H3N2) viruses. Table S1 in the supplemental material); both are antigenically distinct from the A(H3N2) vaccine strain characterized with Ն8-fold reduction in HI titers when tested with ferret antisera against the vaccine strain (data not shown).
Vaccination with influenza A/Texas/50/2012 induced crossreactive neutralizing antibodies to drifted A(H3N2) viruses from genetic groups 3C.2a and 3C.3a, with MN titers against drifted viruses 7-to 11-fold lower than against vaccine virus (Table 3) . Among IIV recipients, neutralizing antibody titers against drifted A(H3N2) viruses increased proportionally to response to vaccine virus with fold rises in MN titers ranging from 3.3 to 3.7 (Table 3) . When the subjects were stratified by age, increases in MN titers against A(H3N2) vaccine as well as drifted viruses were higher among IIV recipients aged 3 to 8 years, who also had lower prevaccination titers, compared to subjects aged 9 to 17 years (Table 3) .
Among IIV recipients, Ն70% and Ն40% had postvaccination MN titers of Ն40 and Ն110 against drifted influenza A(H3N2) viruses, respectively, although postvaccination GMTs reached only 63 (95% CI, 45 to 88) for A/Nebraska/04/2014 (group 3C.2a) and 68 (95% CI, 48 to 96) for A/Switzerland/9715293/2013 (group 3C.3a) compared to 565 (95% CI, 418 to 764) for the vaccine virus. Among LAIV recipients, approximately 40% and 10% had postvaccination MN titers of Ն40 and Ն110 against the drifted H3N2 vaccine virus, respectively, with MN GMT around 22 postvaccination; pre-and postvaccination GMTs were not significantly different ( Fig. 2 and Table 3 ).
Factors associated with cross-reactive neutralizing antibody responses to drifted influenza A(H3N2) viruses. Receipt of LAIV in the 2014-2015 influenza season was not associated with increased MN titers against drifted A(H3N2) viruses, even after controlling for age group, prevaccination MN titer, and prior season vaccine type (Table 3) Table S2 in the supplemental material).
DISCUSSION
Despite the poor antigenic match between the 2014-2015 influenza A(H3N2) vaccine component and circulating influenza A(H3N2) viruses, children and adolescents vaccinated with inactivated influenza vaccine exhibited significant antibody rises and seroconversion to A(H3N2) vaccine virus as well as to newly emerged, antigenically drifted influenza A(H3N2) viruses that circulated during the 2014-2015 influenza season. Overall, more than 70% of IIV-vaccinated children had MN titers of Ն40 after vaccination and 38 to 45% seroconverted to A(H3N2) vaccine and drifted viruses. However, postvaccination GMTs for cross-reactive neutralizing antibodies to drifted A(H3N2) viruses remained almost 10-fold lower than antibodies against the vaccine component, with geometric mean MN titers ranging from 63 to 68 to drifted A(H3N2) viruses. In contrast to IIV, receipt of LAIV did not significantly increase titers to vaccine or cross-reactive neutralizing antibodies to drifted viruses. Data from the U.S. Influenza Vaccine Effectiveness network reported low VE in children and adolescents for this season: only Ϫ5% (95% CI, Ϫ40% to 21%) VE for LAIV and 13% (95% CI, Ϫ9% to 30%) VE for IIV against influenza A(H3N2)-related illness (18) . Thus, MN titers of Ն40 and seroconversion alone likely did not predict cross-protection against drifted A(H3N2) viruses.
Immune correlates of protection are not well established among children and may differ between inactivated and live attenuated vaccines. Traditionally, a postvaccination HI titer of 40 has been associated with 50% reduction in influenza infection in adults (24) (25) (26) (27) . The MN titer threshold that correlates with pro- tection is less well defined. In a household study, a MN titer of 40 was demonstrated to be correlated with 49% protection against PCR-confirmed influenza A(H3N2) infections. In the same study, HI titer of 40 was associated with only 31% protection against A(H1N1) and A(H3N2) (28) . This lower protection estimate from HI titer of 40 (suggesting that a higher threshold is required for 50% protection) is likely due to the household study setting with exposures of greater duration and intensity. The protective threshold can also vary with age. A higher threshold of HI titer at 110 has been associated with providing 50% protection against A(H3N2) in young children (29) . Higher antibody levels needed in children could be due to lower levels of cellular immunity and lack of prior immunity to influenza viruses through prior vaccination and/or infection. In a more recent study that used MN assays in children and adolescents aged 3 to 15 years of age, MN titers as high as 320 were associated with 60% protection in a season during which vaccine and circulating A(H3N2) viruses were well matched (30) . In this study, MN assays were used to evaluate cross-reactivity of antibodies to circulating influenza A(H3N2) viruses. Traditional HI assays are not possible for many A(H3N2) viruses belonging to genetic group 3C.2a, due to their altered receptor binding properties to red blood cells, resulting in insufficient hemagglutination activity for characterization by HI (16, 31) . Few studies have used MN assays to measure cross-reactive antibodies to antigenically drifted influenza viruses, in part due to the greater technical complexity of the assay. The MN assay directly measures the ability of antibodies to neutralize influenza virus replication in mammalian cell culture in vitro, whereas the HI assay is considered only a surrogate assay. Our data and several previous studies (18) . It is also worth noting that in current VE estimates (18), the incidence of medically attended influenza in vaccinated groups was compared with those in unvaccinated groups. When unvaccinated individuals have preexisting baseline titers to drifted strains due to cross-reactivity from past influenza vaccination or infection, the antibody levels required in the vaccinated group to achieve meaningful VE may be higher. Nevertheless, the preexisting antibodies to drifted A(H3N2) strains at baseline in these children were low (MN GMT of Ͻ20). Taken together, our data suggest that heterologous protection in children and adolescents against drifted A(H3N2) viruses during the 2014-2015 influenza season may have required higher levels of cross-reactive antibodies than observed in this study. We examined factors that may contribute to levels of crossprotective antibodies to drifted viruses postvaccination. An individual's antibody repertoire accumulated from past priming history to influenza viruses can shape the responses to current influenza vaccination (33, 34) . Preexisting antibody titers to the influenza A(H3N2) vaccine component were correlated with cross-reactive neutralizing antibodies to the drifted A(H3N2) viruses prior to vaccination. Prevaccination titers to the A(H3N2) vaccine strain, rather than prior season vaccination type and age, (33, 35, 36) . Even with fairly young age groups enrolled in this study, we observed higher baseline titers in older children (aged 9 to 17 years) than in younger children. In addition, prior encounter with wild-type influenza virus (infection) or attenuated live virus through LAIV vaccination may stimulate cell-mediated immunity that can later aid the cross-reactive humoral responses when boosted with IIV (37) (38) (39) (40) . (43) . One of the challenges for the use of LAIV is the lack of clear immune correlates of protection (44) . For IIV, serum antibody responses after vaccination is a well-established immune marker to assess vaccine immunogenicity, whereas LAIV is thought to offer immune protection mainly through mucosal and cell-mediated immunity. Other immune markers, such as mucosal IgA and cell-mediated responses have been hypothesized to be better correlates of protection for LAIV (45) . However, in a recent study, these immune markers were not associated with protection against a LAIV challenge (44). Further, the mechanism of LAIV protection against antigenically drifted strains is not well understood. In one randomized trial, LAIV provided superior protection than IIV against H3N2 viruses that differed antigenically from vaccine virus (46) . In other studies, IIV was more efficacious than LAIV in preventing influenza infection to drifted A(H3N2) viruses (20, 21) . In addition, preexisting antibodies are thought to interfere with immune response to LAIV (45) . However, in our study, poor response to LAIV A(H1N1) and A(H3N2) vaccine viruses was observed even among subjects with low prevaccination titers. In comparison, antibody titers to influenza B viruses in LAIV increased significantly among children with low prevaccination titers, suggesting that antibody responses following LAIV may differ by vaccine component.
Our study has several limitations. Surveillance was not conducted for influenza illnesses among study participants, so we cannot correlate antibody levels with actual protection. Enrollees were not randomized by vaccine type, and there may be differences between LAIV and IIV recipients that affect immune responses, although when comparing characteristics such as age, sex, and preexisting titers to vaccine antigens, there was no statistical difference between LAIV-and IIV-vaccinated children. In addition, vaccination history was determined for only one prior season (2013-2014 season). We do not have vaccination information from earlier seasons and also lack information on possible infections. The absence of this information may contribute to the lack of association between 2013-2014 vaccination history and prevaccination titers. Prior infection and repeated vaccination may change the antibody profile and affect the cross-reactive antibody responses to the antigenically mismatched circulating strains. Also, we were able to enroll only a small number of children previously vaccinated with LAIV or unvaccinated children who chose to receive IIV in the 2014-2015 season. When stratified by both age categories and prior season vaccination, sample sizes in strata were small. In summary, IIV induced cross-reactive neutralizing antibodies to drifted A(H3N2) viruses that predominated during the 2014-2015 influenza season in children, but higher thresholds may be required for heterologous protection. Further research is needed to better understand the correlate of protection against antigenically drifted viruses, and ultimately to develop improved vaccines and vaccination strategies that can offer broader immune protection to overcome the challenges from constant antigenic drift of seasonal influenza viruses.
